I. INTRODUCTION
Magnetic fields play a very important role in diverse astrophysical phenomena such as the earth's magnetic field, the dynamics of stellar atmospheres, pulsars, and active galactic nuclei. [1] [2] [3] [4] Despite their importance, the origin of astrophysical magnetic fields is not fully understood.
A widely held concept in astrophysics is that the magnetic energy of the universe arises from the conversion of kinetic energy of motion of ionized gas flows through an electromagnetic inductive process known as the dynamo effect. The dynamo effect requires very weak "seed" magnetic fields which are then amplified by induction in conducting flows.
Recently, dynamo action has been demonstrated by a small number of laboratory experiments: The Riga dynamo experiment produced a Ponomarenko dynamo; [5] [6] [7] [8] the Karlsruhe dynamo experiment demonstrated a homogeneous two-scale dynamo; 9, 10 and the Von Karman Sodium dynamo experiment at Cadarache have demonstrated that magnetic field can be generated by a turbulent flow of liquid sodium. [11] [12] [13] However, a direct analog of an astronomical dynamo has yet to be demonstrated.
The dynamics of dynamo actions are governed by the magnetic induction equation
where B, u, and g are magnetic field, flow velocity, and resistivity, respectively. Large scale semi-laminar flows (we will call these coherent flows) may certainly induce dynamo effects. [14] [15] [16] [17] [18] [19] However, a key component of most dynamo theories concerns turbulent flows. Specifically, it is supposed that a mean turbulent electromotive force e can be generated from correlated portions of flow velocity fluctuationsũ and magnetic field fluctuationsB, 20, 21 i.e., e ¼ hũ ÂBi;
where the hi indicates an appropriate ensemble average. In the kinematic regime (when the effect of Lorentz force on the flow field is negligible),B can be determined from B; u, andũ. Retaining only first order derivatives of B (sometimes called "first order smoothing" 22 ), Eq. (2) becomes
where a ij and b ijk are tensors depending on u;ũ, and B. The details of velocity fluctuations due to particular hydrodynamic instabilities are difficult to know a priori, so it is common to assume that they are isotropic and homogeneous. In this idealized framework, the tensor b ijk is reduced to a scalar b. In this approximation, Krause 
where s cor is the correlation time ofũ. Substitution of the a and b transport coefficients back into Eq. (1) reveals that the velocity correlations contribute to an enhancement of the magnetic diffusivity so that g ! g þ l 0 b.
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In the Wisconsin liquid sodium dynamo, the turbulent flows within are well approximated as homogeneous and isotropic. 26 Rahbarnia et al. 27 measured that the magnetic diffusive term accounts for the majority of the directly measured turbulent emf e.
The New Mexico dynamo experiment utilizes TaylorCouette flow between two cylinders to provide sufficient differential rotation for magnetic field amplification. 15, 16, 19 Operation in the hydrodynamically unstable regime makes it capable of studying turbulence superposed on a rapidly rotating flow field. Turbulent flows are generated merely by a) Electronic mail: jsi@nmt.edu b) Deceased.
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In this paper, we report a series of experiments conducted to study turbulent magnetic diffusivity in an unstable Taylor-Couette flow of liquid sodium. Estimates of the turbulent intensity from observed torque scalings show that the inductive response of the turbulent fluid to an applied magnetic field should show saturation of the induced azimuthal magnetic field (Sec. III A) and the decay time of a pulsed magnetic field should be shortened with respect to the resistive decay time of sodium (Sec. III B) for turbulence that is homogenous, isotropic, and has a correlation length comparable to the radial gap. The rotation rates at which turbulent dissipation is expected to affect the inductive response to applied magnetic fields is well within the range of rotation rates studied, and yet the data from both of these induction measurements show that the effects of turbulence are minimal at high rotation rate. At lower rotation rate, some amount of gain saturation is observed, but the trend at large rotation is consistent with negligible effective turbulent resistivity. Fluctuation measurements of both the magnetic field and the pressure suggest that the correlation time is changing with rotation rate which may be why the turbulent resistivity is suppressed.
II. THE NEW MEXICO DYNAMO EXPERIMENT AND DIAGNOSTICS
Taylor-Couette flow is generated in the left part of the apparatus, as shown in Fig. 1 , between two co-axial cylinders with a radius ratio of R in =R out ¼ 0:5 (R in ¼ 15:2 cm and R out ¼ 30:5 cm). With this radius ratio, the typical shear scale length is DR ¼ R out À R in ¼ 15:2 cm. The length of the inner cylinder L is 30.5 cm, hence the aspect ratio C ¼ L=DR ¼ 2. The end-plates rotate with the outer cylinder.
Quasi-laminar (low turbulent), nearly stable Couette flows can be generated with two cylinders spinning with angular velocity ratio X in : X out % 4 : 1. At X in =2p ¼ 68 Hz and X out =2p ¼ 17:5 Hz, we have observed that the induced toroidal field is about 8 times of the externally applied poloidal field in the mid-plane. 19 In the right side of the apparatus a piston is being developed to drive plumes into the shear flow. These plumes inject helicity that will complete the positive feedback loop for an ax dynamo. 19, 28, 29 The two co-axial cylinders are driven by a 50 horsepower (37 kW) AC motor rotating at a roughly constant 1760 rpm. The speed of the inner cylinder is varied from this fixed motor speed by two manual truck transmissions arranged in series. An arrangement of belts and gears allows the outer cylinder to be driven at a fixed fraction (typically 1/4) of the inner cylinder rotation rate. However, in this set of experiments, the outer cylinder was held stationary by a fixed torque arm. A force sensor measures the torque due to turbulent transport of angular momentum (Measurement Specialties FX1901-0001-50L).
Two temperature sensors (Honeywell V R TMP36) mounted on each end-plate provide temperature measurements used to estimate the viscosity and resistivity of the working fluids.
Two magnetic coils with 20 turns each are arranged in an approximate Helmholtz configuration to provide a test field for measuring advection and diffusion of magnetic flux. The coil currents are reversible so that test fields that are predominantly either dipole or quadrupole can be generated. When the currents are in parallel, the generated dipole field is pointing from north to south (from left to right in Fig. 1 To boost the signal-to-noise level of the pressure fluctuation signal, Â200 gain high-pass amplifiers with a cutoff frequency f cutoff ¼ 1 Hz are connected to the pressure sensor outputs.
A streamlined magnetic probe with 6 sets of Hall sensors in 3 cylindrical directions (Honeywell SS49E) is mounted on the mid-plane, as shown in Fig. 1 . The probe is made of aluminum alloy 5083-H3 with a wall thickness of 1 mm for a cutoff frequency of about 21 kHz
À8 X m at 110 C). In this article, we focus on magnetic field fluctuations with frequency less than 400 Hz. Thus, the shielding effect of the aluminum wall on the magnetic sensors is insignificant.
Data from the sensors are sampled by National Instruments NI-9205 Analog-to-Digital Modules. LabView is used to control and receive data from the modules.
For the experiments in this work, we define the fluid and magnetic Reynolds numbers as 31 Re
where the last equality applied for X out ¼ 0. In our experiment, Re $ 10 6 to 10
7
. One of the advantages of making the outer cylinder stationary is that Taylor-Couette flows in this configuration have been studied extensively.
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III. METHODS USED TO STUDY THE EFFECT OF TURBULENCE
In the experiment, we used two methods to study the effects of the turbulence. The first method is to measure the amplification of an azimuthal component to the magnetic field by differential rotation (known as the x-effect). The inner cylinder rotation rate was varied and an external quadrupole field (current in the two coils opposite) was applied. We define the x-gain as the ratio of the measured mean azimuthal magnetic field B h to the externally applied radial field B r0 , or
The steady-state amplitude of the azimuthal magnetic field is a balance between advection of the applied radial field and diffusion of the azimuthal field. As such, their ratio is proportional to Rm. Considering the possibility of an anisotropic effective resistivity, since the azimuthal field is generated by currents parallel to the rotation axis, the x-gain is sensitive to changes in g turb k (see Sec. III A). The second method is to measure the decay time of the axial field B z . The speed on the inner cylinder is varied, and an external dipole field (current in the two coils the same direction) is abruptly shut off. The rate of decay of this field measured at the apparatus midpoint yields a second way of characterizing turbulent resistivity. We will refer to this method as the penetration-method, sensitive to g turb ?
(see Sec. IV D).
Having introduced the two methods, we need to elaborate on the theory and measurement details to properly understand the results.
A. x method
In a high-Re flow, the eddies in the bulk of the flow with sizes much less than the size of the apparatus can very efficiently transport angular momentum so that, on average, the specific angular momentum profile L h ðrÞ ¼ Xr 2 is flat, as shown in Fig. 2 . This has been observed numerically (e.g., Brauckmann and Eckhardt 41 ) and experimentally (e.g., Smith, 33 Lewis, 36 and Burin et al.
40
) at Re $ 10 6 . To good approximation it is constant with radius and given by 33, 36 
This means, in our case, the mean velocity shear is proportional to X in . If the Lorentz force and g turb are negligible, the x-gain should be proportional to the speed of the inner cylinder X in or x-gain / Rm.
It should be noted that the magnetic field strength in these experiments is low enough that we can assume we are in the kinematic regime. The magnitude of magnetic energy and kinetic energy can be inferred from the relative magnitude of the Alfv en speed and the flow speed. The externally applied magnetic field is about 3 G for the quadrupole field, 6 G for the dipole field. Including the induced magnetic field, the total field is no higher than 10 G. Hence, the Alfv en speed
is not higher than 4 cm/s, which is much smaller than the flow speed in the bulk (several tens of m/s). So the Lorentz force effect on the flow is insignificant. In our past publication, 19 where the x-gain was measured in rotating shear flow, we observed that the x-gain is about 6.4 at R ¼ 16.3 cm, at Rm ¼ 92 (for X in =2p ¼ 68:0 Hz and X out =2p ¼ 17:5 Hz at T ¼ 115 C). Neglecting the endplate effect, the specific angular momentum was LðrÞ ¼ x in R 2 in so that the mean velocity shear was twice as large for the same X in with the outer cylinder stationary. Assuming that the new velocity shear when the outer cylinder is stationary is halved, based on the definition given in Eq. (6), as X out decreases to 0, Rm should increase to 124, we would predict a gain of 3.2 at Rm ¼ 124 at R ¼ 16.3 cm in the absence of any additional effects from turbulence.
In a fully turbulent state, the characteristic length is limited by the gap width DR ¼ 15:2 cm. If we assume that the velocity fluctuations have this maximum correlation length and are homogeneous and isotropic, then the power dissipation rate per unit mass is
where T is the applied torque, q is the fluid density, and V is the fluid volume. 42 The factor of 1/2 comes from a paper by Lewis, 36 who found the energy dissipated by turbulence is higher in the boundary layer so that the measured dissipation in the bulk is roughly 50% of the total dissipation (ranging between 30% and 50%). From Eq. (9), we havẽ u % 1 2
For these large-scale velocity correlation lengths of us cor % DR, the predicted turbulent enhancement of the resistivity given by Eq. (4) becomes
where we have substituted the definition of the Reynolds number and introduced the dimensionless torque G ¼ T=q 2 L. In this form, we see that the scaling of g turb with Reynolds number can be determined if we know the scaling of the required torque with Reynolds number. As shown in Section IV A, G / Re 2 hence g turb increases with Re. So long as the correlation length remains DR, the effective magnetic Reynolds number Rm no longer scales linearly with rotation rate. Rather
We see from Eq. (13) that effective Rm at high rotation rate can be saturated by the enhanced turbulent dissipation. If the correlation length is not DR or if the velocity correlations are suppressed in a particular direction due to anisotropy, the turbulent dissipation rate estimated above will be too large.
In this sense, Eq. (13) represents a lower bound estimate for the scaling of magnetic induction. When anisotropic cases are considered, we note that x-gain is mainly affected by g turb k . In the quadrupole magnetic field configuration, in the mid-plane, the major EMF is B r U h along the rotation axis. So x-gain measurement at different X in 's reflects how g turb k varies with X in . Given that we lack either a model or a measurement of the actual velocity correlation length prior to operating the experiment, our expectation is that the measured gain (and Rm eff ) will lie between a curve describing the saturation effect of Eq. (13) and a linear scaling based on prior gain measurements in stable Couette flow.
B. Penetration method
When an external field outside a conductor is suddenly removed, e.g., as shown in Fig. 7 , it takes time for the magnetic field to damp to zero based on the resistive diffusion of magnetic flux through the fluid. We use this property to measure the effective resistivity of the fluid by establishing an initial dipole field with the two external magnetic coils while the inner cylinder is spinning. Once B z becomes steady, the coil currents are shut off and the decay of B z is observed.
The resulting change in the externally applied magnetic field induces azimuthal currents in the sodium which according to Ohm's law are
Ensemble averaging will eliminate theṽ r B z term since the velocity fluctuations are incoherent across the ensemble. Only the nonlinear turbulent emf terms will remain which we recognize as the components of e h . The resulting axial component of the induction equation be
where we have neglected any contribution from the a-effect.
In the Appendix, we derive the expected B z ðtÞ for the simplified case, in which a uniform axial external field B z0 is suddenly removed outside an infinitely long cylinder. The analytical solution is
where J 1 and J 0 are the Bessel function of the first kind, first and zeroth order, respectively, k n are the zeros of J 0 , and g ? is the effective resistivity perpendicular to the axis of rotation.
Since we are working in a finite cylinder, this model will be inadequate to describe the time-varying profile of the axial magnetic field. We can, however, look for variations in the decay time of the measured magnetic field for evidence of an enhancement of the resistive decay by turbulent diffusion.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Torque measurement with water and turbulent resistivity estimate
The scaling of the dimensionless torque G ¼ T=q 2 L with Re is a much-studied aspect of turbulent dissipation in Taylor-Couette flow. The dimensionless torque follows a power-law scaling when the outer cylinder is stationary, i.e., G / Re a , where a depends on Re. As Re increases, a increases from about 1.5 (for Re c < Re < 800) 37 to 1.87 (for Re $ 10 6 ). 35 Our measurement shows that a ¼ 2 for Re ! 4 Â 10 6 , as shown in Fig. 3 . This observation is consistent with the derivation by Lathrop, 35 Doering, 43 and Eckhardt 39 that also arrives at an upper bound of a ¼ 2. We can use the measured dimensionless torque in Fig. 3 to estimate the expected g turb by using Eq. (12). The power dissipation per unit mass is estimated by Eq. (9), where the mass of the water is 68 kg. Sodium has a similar density and kinematic viscosity to water and so the results should apply to the MHD experiments as well. Using G / Re 2 , we find from Eq. (13) that
where G ¼ CRe 2 , and C ¼ 6:5 Â 10 À3 ; j ¼ 2:02 Â 10 À14 X Á m are determined from the torque measurements. Consequently, from Eq. (13), we have
from which we can infer that as Re ! 1; Rm eff saturates to a value of l 0 =j % 46. We find that the turbulent enhancement to resistive diffusion should be comparable to that of the sodium resistivity at a Reynolds number of Re ¼ g=j % 5 Â 10 6 or a rotation rate of about 25 Hz. If our assumptions about the velocity correlations (maximum length, homogeneity, and isotropy) are valid, x-gain saturation should be observed in our experiment.
B. x-gain measurement
Measurements of x-gain as a function of Rm are shown in Fig. 4 . Five dotted lines are shown in the figure to guide the eye. For the outermost position (R ¼ 26.5 cm, 1.5 cm away from the wall of the outer cylinder), the four measurements of x-gain fall roughly on the same line. However, for smaller radii, there is a clear transition around Rm ¼ 31. Figure 5 shows the gain measurements for the innermost sensor location along with the expected scaling for the cases with and without the effects of a turbulent resistivity, as described in Sec. III A. Precise numerical agreement between the data and the curves shown is not expected since the arguments in Sec. III A treat a highly idealized problem of an infinite cylinder and neglects advection effects due to Ekman circulation. Nevertheless, the comparison of the data with the two curves in Fig. 5 illustrates: (1) there is a broad range of anticipated experimental outcomes depending on assumptions about the velocity statistics; (2) at low rotation rates, there is indication of apparent saturation of the x-gain due to turbulent fluctuations; and (3) there is a transition at higher rotation rate to a linear dependence on cylinder rotation rate. According to our discussion, if g turb ( g Na , the dynamo gain increases linearly with Rm which we observe for the highest two rotation rates. Therefore, the turbulent enhancement to resistive diffusion parallel to the rotation axis is small compared with the sodium resistivity at high Reynolds number.
C. Fluctuation spectra and correlation times
Lacking a diagnostic to specifically measure the mean velocity and velocity fluctuations, we can infer information about the velocity fluctuations through measurements of the magnetic field and pressure fluctuation spectra. We have observed coherent behavior at low rotation rates, which vanishes at higher rotation rates. This suggests that the coherence length of the velocity fluctuations is decreasing at higher rotation rates. Supporting evidence for this conclusion is presented in the rest of this section.
From Figs. 6(a) and 6(b), it can be seen that at the lower rotation rates, both spectra show a strong low frequency peak that disappears at higher rotation rate. At an inner cylinder rotation rate of f in ¼ 9:3 Hz, we have observed a prominent peak in B h at 0.29 f =f in (red curve). As the rotation rate is increased to f in ¼ 17:1 Hz, this peak persists at a very similar frequency ratio 0.26 f =f in . However, as we move to higher rotation rates of 28.8 and 47.6 Hz, the characteristic frequency vanishes. Furthermore, this same frequency is observed at all radii measured (A prominent peak was not observed at the outermost sensor at f in ¼9.3 Hz. Its absence is likely due to very low (0.18) x-gain).
where T is torque, q is density, is kinematic viscosity, and L is the length of the Taylor-Couette annulus. Data points with Re ! 4 Â 10 6 are used for the linear curve fitting.
The pressure sensors confirm the observations made with the magnetic sensors. Fig. 6(b) shows peaks at the identical frequency ratios to Fig. 6(a) . The peak is quite prominent at 9.3 Hz, appears at reduced power at 17.1 Hz, and vanishes at higher rotation rates. Once again, this is observed on all pressure sensors on the end-plate at their 7 different radial positions.
The peaks in the power spectra at low inner cylinder rotation speeds hint at a relatively coherent flow pattern on top of a turbulent background flow. The decrease of magnitude and eventual disappearance of the peaks suggest that the correlation length of the fluctuations may be changing with rotation rate. The large low-frequency peak may be due to large-scale coherent motions with large correlation length. If this is the case, it can explain why we see the transition in the gain measurements in Fig. 5 
Yet another view of the same phenomenon is shown in Fig. 6(c) . If the coherence length of the velocity fluctuations is changing, it should also result in a change in the correlation time of the magnetic fluctuations. At f in ¼ 9:3 Hz, the autocorrelation curve of B h is like that of a damped sine wave. If one measures the time between two consecutive peaks of B h , one finds the period is T % Dt ¼ 0:37 s ¼ 1=0:29f in , consistent with the most prominent peak in Fig. 6(a) . B z is also like a damped sine wave with T % 0:35 s, but its auto-correlation curve decays more rapidly than that of B h . Compared with B h and B z , the B r auto-correlation curve decays more rapidly. Although we still can see a peak in B r at around 0.2 s (at f in ¼ 9:3 Hz), its auto-covariance is 0.14. At f in ¼ 17:1 Hz, we see the auto-covariance of B h decays more rapidly than the case at f in ¼ 9:3 Hz. For B r and B z , the periodic behavior is almost gone. At f in ¼ 28:8 and 48.6 Hz, there is no obvious periodic behavior and the correlation times have become very short.
The observations in the fluctuation spectra are consistent with a decreasing correlation length as inner cylinder rotation increases. This could explain why there is no enhanced resistivity observed at higher rotation rates.
D. Penetration time measurement
The observed effect of g turb ?
through the penetration method shows that g turb ? is one order of magnitude smaller than the estimated g turb by the homogenous isotropic approximation at all the rotation rates.
Figs. 7(a) and 7(b) show the fall time of B z at r ¼ 19.6 cm with the apparatus rotating at f in ¼ 17:1 Hz and 47.6 Hz (corresponding to Rm ¼ 31 and 87 in Fig. 4) . To facilitate the comparison of fall times with/without the inner cylinder rotating, the signals are all normalized. To improve signal to noise, the magnetic field was pulsed multiple times at each rotation rate and the B z ðtÞ data averaged over several pulses. On the left, the green curves are the coil current, which fall much faster than the magnetic signals. The blue curves are B z averaged over 3 ( Fig. 7(a) ) and 4 ( Fig. 7(b) ) pulses and measured with the inner-cylinder rotating. The red curves are B z taken with the inner cylinder stationary. One cannot perceive any difference in the fall time between the rotating and stationary measurements.
According to Eq. (17), the homogeneous and isotropic approximation gives turbulent resistivity of about 0:7g Na and 2g Na at f in ¼ 17:1 Hz and 47.6 Hz. The region of data inside the dashed black boxes is expanded in the right panels of were 70% of g Na and also dotted black curves demonstrating the effect of a 20% turbulent resistivity enhancement. Clearly, our measurements show that the resistivity enhancement is not 70% nor is it even 20%. Similarly, to the bottom right panel we added cyan and black curves to demonstrate that at 47.6 Hz, there is obviously neither a 200% enhancement nor is there even a 20% enhancement of the turbulent resistivity. Having clearly shown that the turbulent resistivity is far less than predicted by Eq. (17), one can now fit the measured data to quantify how much turbulent resistivity may be present. The results of this fit are presented in Figure 8 . In the following, we explain, in detail, how we arrived at this result.
Not surprisingly, the measured decay curves are pure exponential functions B ¼ B 0 e Àt=s 0 (note
's in Eq. (16) are different for different k n 's). However, the magnetic field decay curve in our apparatus is still a function of g eff t for a given location, or hB z ðtÞi ¼ f ðg eff tÞ;
is the effective resistivity (as discussed in Section III, decay time is mostly affected by g turb ? ), the overbar on g turb ? indicates the value is a mean value from the outer radius to the location of the sensor, and hi represents an ensemble average. Ideally, since the decay curve without rotation is FðtÞ ¼ f ðg Na tÞ; while the curve with rotation is GðtÞ ¼ f ðg eff tÞ; it should happen that F½ð1 þ R g Þt ¼ GðtÞ, where
In practice, by comparing the decay curves with and without the inner cylinder rotating, we calculated R g by finding an R g such that the least squares in a time period ½0; t 0 kF½ð1 þ R g Þt À GðtÞk By varying t 0 from 0.5 to 1.5 s, we calculate the R g 's, as shown in Fig. 8 . They are only a few percent of the resistivity of sodium at all rotation rates.
E. Discussion
We have read with interest an experimental report of a negative b-effect by a dynamo group at Grenoble. 44 In contrast, both the methods used in our experiment resulted in a negligible b-effect. More specifically, the observations using both the azimuthal wind-up of an applied magnetic field and pulsed decaying magnetic fields show that the inductive response of hydrodynamically unstable rotating shear flow is described well by the mean flow profile without recourse to additional transport from correlated fluctuations. One possible explanation for this outcome may be shear suppression of the large-scale velocity fluctuations.
Flow shear can speed up the turbulent de-correlation. 45 In the homogeneous isotropic turbulence approximation, we assume the size of the largest eddies is $DR. However, a necessary condition for this approximation to be valid is that the velocity gradient of eddies of a certain scale must at least be bigger than the velocity gradient of the background mean field. The specific angular momentum in the bulk is approximately Fig. 7(a) ) and 4 ( Fig. 7(b) ) measured curves to reduce the fluctuation level.
One can see the decay time of the coil current (the green curve) is much shorter than the decay time of Bz so that its effect on the overall decay time is insignificant. The portion in the box with black dashed lines is zoomed in the right. According to Eq. (17), the homogeneous and isotropic approximation gives about 0:7g Na and 2g Na at 17. measurements of the decay time of a pulsed magnetic field show that there is no significant turbulent resistivity observed in a hydrodynamically unstable Taylor-Couette flow of liquid sodium. The mean induction of the flow is described entirely by the mean flow profile. Residual coherent fluctuations at lower rotation rates may cause some reduction in magnetic flux transport, but the flow undergoes a transition to fluctuations with very short correlation times.
To confirm our conjecture that velocity shear is increasing the turbulent decorrelation rate, direct velocity measurement is necessary. Unfortunately, such measurements are currently not available. A velocity probe based on the same principle as one in Wisconsin 27,46 is being considered for future upgrading.
